The catalytic performance of multi-walled carbon nanotubes (MWCNTs) with different surface chemistry was studied in the decomposition reaction of H 2 O 2 at various values of pH and temperature. A comparative analysis of experimental and quantum chemical calculation results is given. It has been shown that both the lowest calculated activation energy (~18.9 kJ/mol) and the highest rate cons tant correspond to the N-containing CNT. The calculated chemisorption energy values correlate with the operation stability of MWCNTs. Based on the proposed quantum chemical model it was found that the catalytic activity of carbon materials in electron tran sfer reactions is controlled by their electron donor capability.
Introduction
Among the carbon materials that are widely used as heterogeneous catalysts [1] carbon nanotubes (CNTs) have been taking a key position since their discovery in 1991 [2] .
These nano-scale carbon materials opened new possibilities in this area. Besides serving as a support, CNTs alone can be used as catalysts for some specific reactions, including methane and NO x decomposition [3, 4] , oxidative dehydrogenization of aromatic hydrocarbons and alkanes [5, 6, 7, 8, 9] , oxidation of aniline [10] , p-toluidine [11] , and benzyl alcohol [12] , catalytic wet air oxidation of phenol [13, 14] and pcoumaric acid [15, 16] , aerobic oxidation of cyclohexane [17, 18] , ozonation of oxalic acid [19, 20] , selective oxidation of H 2 S [21] , and heterogeneous hydroxylation of organics [22] . Nitrogen-doped CNTs were used as basic catalyst in Knoevenagel condensation [23] and CO oxidation [24] reactions. Based on these results, it is very reasonable to conclude that CNTs can serve as an excellent heterogeneous catalyst having (1) the potential to form a macrostructured catalyst of sufficient mechanical strength; (2) a tunable morphology and surface chemistry for enhanced catalytic activity and selectivity; (3) high surface area and specific porosity; (4) good thermal stability and resistance against acidic/basic environment.
One of the widely used test reactions for studying the catalytic properties of carbon materials is hydrogen peroxide decomposition (HPD). Until now H 2 O 2 has been used for the oxidation and purification of CNTs [25, 26, 27] . Oxidation under mild conditions (e.g., 15% H 2 O 2 , 100ºC, 3 hrs [27] ) leads to shortened and uncapped CNTs with carboxylic groups on their surface. Nevertheless, it is well known that HPD is one of the oldest reactions found to be catalyzed by carbon materials, especially by activated carbons [28, 29] . Earlier, it was found that CNT, compared to graphene and activated carbon, is also able to catalyze HPD [30] . Despite numerous investigations, the mechanism of this reaction is still not completely understood.
The activity of carbon catalysts in the HPD process is associated with the presence of delocalized π-electrons in the surface conjugated system. It is known that incorporation defines the energetic characteristics of frontier molecular orbitals and controls the catalytic properties of carbon materials. It was found that the insertion of nitrogen atoms into the graphene lattice significantly enhances the HPD process by lowering the electron work function value from the carbonaceous surface and decreasing the band gap, thus producing higher electron mobility [32] . By contrast, insertion of oxygencontaining groups reduces the activity of carbon catalysts in HPD; moreover, samples having a high number of such groups do not catalyze the reaction [33] .
Decomposition of hydrogen peroxide over a solid surface is a complex homolytic chain process [29, 34, 35] . The limiting step of this reaction is the disintegration of H 2 O 2 molecule into two HO
• radicals through a radical mechanism. On the other hand, ionic decomposition may also occur as H 2 O 2 is a weak acid (H 2 O 2  H + + OOH -, pKa = 11.6) [29] . Both processes are influenced by pH, the presence of catalytic ions (e.g., Fe 3+ , I -) and also by the chemistry of the solid surface, e.g., the carbon material [29] .
Since experimental investigation of the effect of the electron structure of CNT on the interaction with HO • radicals is difficult, quantum-chemical calculations are more appropriate.
This paper focuses on the activity of nitrogen-and oxygen-containing MWCNTs in HPD. Experimental results are supported by quantum chemical calculations that consider the electron structure, the thermodynamic and the activation characteristics in the HO • radical -CNT model cluster interaction.
Materials and methods

Carbon nanotubes
Pristine multi-walled carbon nanotubes (Chuiko Institute of Surface Chemistry of NAS of Ukraine) were synthesized by CVD method from a mixture of propylene and hydrogen using a mixed Al-, Fe-, and Mo-oxide catalyst [36] . After removing the accessible catalyst with HCl and NH 4 F solutions the MWCNTs were washed with distilled water to neutral pH. The samples were kept at 748 K for 1 hr in air to reduce the amorphous carbon from 70 % to 3 %. From low temperature nitrogen adsorption
The purified CNT samples were oxidized in 70 % HNO 3 at 373 K for 4 hrs and then washed with distilled water and NaOH solution for 12 hrs [37] . After washing again to neutral pH, the acidic sites were regenerated with 0. 
Characterization methods
Low temperature (77.4 K) nitrogen adsorption/desorption isotherms were measured using a NOVA 2000e (Quantachrome) automatic analyzer. The samples were evacuated at 293 K for 24 h. The specific surface area (S BET ) was calculated according to the BET method.
Continuous potentiometric titration over the pH range of 3 to 11 was performed in a CO 2 -free medium to determine the specific amount of net proton surface excess (Δn σ , mmol/g), i.e., the difference between the surface excess amounts of H + (n σ H+ ) and OH − (n σ OH− ) [38] . The MWCNTs were suspended in 0.01 M NaCl solution prepared from freshly produced Millipore water and ultrasonicated for 15 min. 0.1 M HCl and 0.1 M NaOH solutions were used respectively to titrate the surface from the pH of immersion down to pH 3, then up to pH 10. Experimental details are given in [39] .
The surface chemical composition of the samples was determined by X-ray photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD) analyses. The XPS spectra were obtained using an XR3E2 twin anode X-ray source The TPD spectra were obtained on a MX-7304A monopole mass spectrometer (Sumy, Ukraine) with electron impact ionization adapted for thermodesorption measurements. The samples (0.1-2 mg) were heated at the rate of 0.15 K/s up to 1023 K in a molybdenum/quartz ampoule. The volatile pyrolysis products passed through a high-vacuum valve into the ionization chamber of the mass-spectrometer, where they were ionized and fragmented by electron impact. The mass spectra were recorded in the 1-210 Da range and analyzed using a computer-based data acquisition and processing setup. Due to the low heating rate the diffusion effects could be neglected and the intensity of the ion current was considered proportional to the desorption rate.
Catalytic activity in HPD reaction
The catalytic activity of the O-CNT and N-CNT samples was detected by measuring the volume of released oxygen in the following overall reaction: solutions. Before each step, the pH was set as stated in the caption.
Quantum-chemical calculations
The density functional theory (DFT) is widely used for the calculation of nanotube properties [24] . Among the DFT methods a hybrid method such as B3LYP is a good choice since it shows excellent agreement with the experimental data [40, 41] . To ascertain the mechanism of the influence of the electronic nature of the CNTs on HPD, the thermodynamic and kinetic characteristics of the HO • radical -carbon cluster interaction were calculated. The calculation was performed using the DFT method with B3LYP exchange-correlation functional and 6-31G (d,p) basis set [42, 43] . Thedispersion correction was taken into account using the DFT-D3 program package by Grimme et al. [44] . The effect of the aqueous environment was simulated within the supermolecular approximation and within the continuous solvent model (CPCM), using the US GAMESS program package [45] .The stationary character of the minimum energy structures obtained and the presence of transition states were proved according to the Murrell-Laidler theorem with additional calculation of Hessian matrices [46] . This enabled us to define the thermodynamic free energy of physical (ΔG pa ) and chemical (ΔG ca ) adsorption and the kinetic Gibbs free activation energy (ΔG act ) of HPD at 298 K [47] . A conjugated π-system of a graphene layer with 14 condensed rings was used to simulate a part of the CNT surface (Figure 2) . In order to clarify whether chemical or structural factors affect the energetics of addition of the hydroxyl radical, four nanoclusters (NCs) were considered. (Fig. 4a) in parallel with the decreasing surface density of protonated sites (Fig. 4b) [29] .The same correlation for O-CNT samples was observed until pH=7.0.
At pH>7 the catalytic activity slightly decreases: the COOH groups convert into 4±3.2 (O-CNT) and 15.4±2.8 kJ/mol (N-CNT) . These values indicate that the rate of HPD is limited not only by the reactions at the active surface sites, but also by the diffusion of the H 2 O 2 molecules to these sites. With increasing pH the decomposition of H 2 O 2 improved on both samples. Obviously, this tendency is connected on the one hand with the enhanced dissociation of H 2 O 2 as a weak acid [29] and on the other hand with the changes in the charge state of the functionalized carbon surface. Figure 4b demonstrates that a relatively large proton excess accumulates on the N-CNT in acidic media due to the negative charge of the basal plane and the protonation reaction of its decorating basic sites (amino groups and quaternary nitrogen atoms as also considered in our quantum-chemical calculations), e.g., CNT-NH 2 It is observed that activity of the N-CNT decreases until the third cycle, a feature that may be associated with slow deactivation of the N-functionality in the carbon system. This fact was confirmed by XPS analysis (Table 2) , detecting no nitrogen atoms in N-CNT after the third cycle. Between the fourth and sixth cycles the rate constant begins to stabilize, then the rate decreases further due to oxidative damage to the carbon lattice. The amounts of O-containing groups increased by a factor of almost 3.5, which proved our hypothesis. Oxidation of the N-CNT surface was also confirmed by TPD analysis (Fig.7) . The appearance of an intense H 2 O peak after the 3-rd cycle indicates enhanced surface hydrophilicity during the catalytic reaction. The adsorption of OH • radicals on the CNT surface or the reaction of H 2 O 2 with surface functional groups may result in this effect.
R=0.968
The CO 2 evolution spectra (Fig.7 b) reveals that after three cycles the CO 2 peak corresponding to carboxyl groups (423-673 K), shifts towards higher temperatures (773-973 K) that corresponds to lactonic groups [52] , which might be less active in HPD reaction.
The catalytic activity of the O-CNT slowly increases during three cycles due to the changes in surface chemistry. It was found that while there is practically no change in (Table 3 ). The enhanced concentration of the C type oxygens (acids, esters, and hydroperoxides) and the appearance of peroxy groups (D type) indicate the oxidative change of the CNT surface during catalytic process.
Theoretical section
A possible model of HPD reaction with a pure carbon NC is shown in Figure 8 .
Analysis of this scheme indicates that the reaction rate is enhanced by the increasing rate of formation of HO 
where the ΔE are the total energies of the corresponding physically-adsorbed complex (Table 4) .
From the comparison of the calculated ΔG ts values and the experimental rate constants of HPD it was found that the lowest activation energy (~19kJ/mol) corresponds to the highest rate constant, both found for the N-containing CNT. Additionally, the experimental E a range is in agreement with the theoretical activation energy ΔG ts from the calculations. As a whole, the minimum values in both cases correspond to low activation energy and fast decomposition of H 2 O 2 . Table 4 and Figure 9 show that the activation energy and Gibbs reaction energy of the N-doped NCs is lower than for the oxidized NCs and independent of the position of the heteroatom in the nanocluster. Consequently, the surface of carbon matrix is oxidized and C α -OH covalent bonds are formed. It has been found that the C α atom is not co-planar to the carbons of the NC as its calculated angular sum (φ Cα ) is less than 360º (Table 4 These results demonstrate that with rising the electron donor capability of NC the values of ΔG ca decrease. This indicates that desorption of OH groups and regeneration of the surface are easier for the N-NC samples. Consequently, the value of the chemisorption energy ΔG ca can be associated with the operational stability of the samples studied. According to the results of the quantum chemical calculations, the best operation stability should be observed for N-CNT, whilst the worst one is for O-CNT. These results are in good agreement with the experimental data.
Conclusions
Oxygen-and nitrogen-containing MWCNTs of similar morphology were exposed to hydrogen peroxide in aqueous medium. Both materials display catalytic performance, as proved by their high rate constants and low activation energies in the reaction 
